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ABSTRACT
The current generation of ground-based coronagraphic instruments uses deformable mirrors to correct for phase
errors and to improve contrast levels at small angular separations. Improving these techniques, several space and
ground based instruments are currently developed using two deformable mirrors to correct for both phase and
amplitude errors. However, as wavefront control techniques improve, more complex telescope pupil geometries
(support structures, segmentation) will soon be a limiting factor for these next generation coronagraphic instru-
ments. The technique presented in this proceeding, the Active Correction of Aperture Discontinuities method,
is taking advantage of the fact that most future coronagraphic instruments will include two deformable mirrors,
and is proposing to find the shapes and actuator movements to correct for the effect introduced by these com-
plex pupil geometries. For any coronagraph previously designed for continuous apertures, this technique allow to
obtain similar performance in contrast with a complex aperture (with segmented and secondary mirror support
structures), with high throughput and flexibility to adapt to changing pupil geometry (e.g. in case of segment
failure or maintenance of the segments).
We here present the results of the parametric analysis realized on the WFIRST pupil for which we obtained
high contrast levels with several deformable mirror setups (size, separation between them), coronagraphs (Vortex
charge 2, vortex charge 4, APLC) and spectral bandwidths. However, because contrast levels and separation
are not the only metrics to maximize the scientific return of an instrument, we also included in this study the
influence of these deformable mirror shapes on the throughput of the instrument and sensitivity to pointing
jitters. Finally, we present results obtained on another potential space based telescope segmented aperture.
The main result of this proceeding is that we now obtain comparable performance than the coronagraphs
previously designed for WFIRST. First result from the parametric analysis strongly suggest that the 2 deformable
mirror set up (size and distance between them) have a important impact on the performance in contrast and
throughput of the final instrument.
Keywords: Instrumentation, WFIRST-AFTA, High-contrast imaging, adaptive optics, wave-front error correc-
tion, segmentation, aperture discontinuities, deformable mirror
1. INTRODUCTION
Several coronagraph designs were developed over the last decade for the current generation of high contrast
ground based instruments1–3 mostly designed for circular, unobstructed pupils. In some cases (Apodized Pupil
Lyot Coronagraph, APLC,4 or ring apodized vortex5), they may have taken into account the central obscuration.
This generation of coronagraph designs was able to reach the target level of contrast (∼ 10−5). However, the
new goal in the quest for the highest contrast levels is now the correction of the diffractive effects introduced in
the focal plane of coronagraph by discontinuities in the apertures.
The next generation of space based telescopes (WFIRST6, ATLAST7 or HDST8) and of ground based coron-
agraphic instruments (PCS for E-ELT9, or the TMT10) will be mounted on on-axis and/or segmented telescopes.
Further author information: contact Johan Mazoyer at jmazoyer@stsci.edu
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To reach the desired levels of contrast of (∼ 10−10 for space based instruments, ∼ 10−8 for ground based in-
struments) the design of coronagraphic instruments for such apertures is currently a domain undergoing rapid
progress. Specific coronagraphic designs (phase- induced amplitude apodization with complex mask corona-
graph11, shaped pupil coronagraph12 or APLC13,14) are currently developed to reach high contrast levels after
such pupils. These techniques will be used in addition with deformable mirrors (DMs) to correct for wavefront
errors, either residuals of the adaptive optic system on ground based telescopes, or introduced by the optics
themselves for space and ground based telescopes. The current designs for future high-contrast instruments now
systematically include two sequential DMs for the simultaneous correction of phase and amplitude wavefront
errors on a symmetrical dark hole.
However, several coronagraphs4,5, 15–17 have already been developed for circular axisymmetric apertures, with
various inner working angle and contrast performance. Another approach therefore consists of using these coro-
nagraphs and the possibilities of the already provided sequential DMs to correct specifically for aberrations
introduced by secondary mirror structures and segmentation of the primary mirror. The method used in this pa-
per, Active Correction of Aperture Discontinuities (ACAD), originally introduced by Pueyo & Norman (2013)18,
was developed specifically for that goal. It aims at returning to the performance in contrast level and inner
working angle (IWA) obtained on axisymmetric apertures with various coronagraphs. However, recent studies19
emphasis the importance of other metrics (throughput, robustness to jitter, spectral bandwidth) in the yield of
exoplanet detected by future missions, which need to be also taken into account in these studies. The analysis
presented here studies the influence of several parameters (form of the pupil, size of the DMs and distance be-
tween them, type of coronagraph, spectral bandwidth) on these metrics (contrast level, Throughput, robustness
to jitter). We hope that a better understanding of the effects of these parameters on the performance of the
system will help constrain the design of future high contrast instruments.
In Section 2, we recall the method and the recent optimisations we developed. We then describe the parameter
space in Section 3, and present the results of the parametric analysis in Section 4. Finally, we will use the ACAD
technique on a realistic apertures for future space based missions in Section 5
2. DESCRIPTION OF THE ACAD METHOD
In previous papers, (Pueyo & Norman 201318, Pueyo et al. 201420, Mazoyer et al. 201521), the ACAD method
was presented in two steps. The first step is an analytical ray optic solution for the DM shapes obtained by
the resolution of the Monge-Ampe`re equation. Figure 1 shows the PSF obtained in the focal plane of a vortex
coronagraph, after the apertures of the WFIRST telescope. On the left, before the correction, the DM are both
flat, and the PSF clearly shows the diffraction effects of the pupil discontinuities. On the right, we applied the
analytical shapes solution obtained by the resolution of the Monge-Ampe`re equation on the 2 DMs. The strokes
introduced by this first step of the correction is strongly dependent on the DM size and inter-DM distance but
it easily varies from a few hundreds of nanometer to a few micrometers. In the correction zone of the mirror,
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Figure 1: Two PSFs, after the WFIRST pupil and a vortex coronagraph. Left: PSF with flat mirrors, showing the
diffraction effects of the pupil discontinuities. Right: same PSF after applying geometrical Monge-Ampe`re solution
the diffraction effects of the pupil discontinuities are mitigated: the DM shapes obtained after this ray optic
solution are clearly remapping the electrical field to obtain a flat wavefront in the entrance of the coronagraph.
However, the contrast level in this zone have barely improve. This is not surprising and had been observed
multiple time22,23: a flat wavefront produces an excellent contrast at all separation, but in the context of extreme
adaptive optics and DM with limited degrees of freedom, trying to flatten the wavefront is not best option to
obtain the best contrast. This is why, on top of the ray optic solution, we ran a stroke minimization algorithm
(SM, Pueyo et al. 200924). This second step was producing the zone of high contrast in the focal plane of the
coronagraph, called dark hole (DH).
Figure 2: Mean ontrast level in the DH as a function of the number of iterations, for 8 matrices of the SM
algorithm. The dotted vertical and horizontal lines correspond to the best contrast reached for each matrix and the
iteration for which it was reached.
However, the performance of these combined two steps were disappointing: the final contrast levels in the
DH was never better than 10−8 for a 10% bandwidth. This was due to the fact that, contrarily to the ray optic
solution, the SM is a linear correction algorithm. The linear approximation is only valid if the phase introduced
by the DM is small enough. We realized that the SM algorithm was always diverging at some point, usually when
the introduce strokes were higher than ∼ λ/5. This problem of the SM algorithm had not arisen in previous
uses24 because it is usually used to correct relatively small aberrations in continuous apertures. To solve this
problem, we first optimized the SM algorithm with a gain changing when the algorithm starts to diverge. We
then identity the moment the algorithm is definitely diverging and recalculated the interaction matrix around
this point. This ensures that the strokes stay limited under λ/5 around each new initial DM positions.
Fig 2 shows the contrast obtained as a function of the number of iterations for a SM algorithm with 10%
bandwidth, WFIRST pupil (charge 4 vortex, D = 34x0.3 mm, Z = 0.3m). Horizontal and vertical doted lines
indicate, for every matrices, the best contrast level reached and the iteration number for which it was obtained.
The DMs shapes to obtain this contrast level are saved. When SM algorithm is diverging for more than 20
iterations (indicated by black diamonds), we interrupt the loop and re-calculate the interaction matrix. On this
figure, 8 matrices were necessary. We see that the improvement in contrast level for the last matrix is of a factor
10−9.84/10−10.01 which is only a factor 1.5 (which meant that a ninth matrix would probably barely improve the
contrast). For all of our corrections in broadband, we use 8 matrices. For monochromatic corrections, which are
usually a lot faster to converge, we use 5 only. The final stroke introduced on the DMs by the SM algorithm are
aperture dependant but are usually under 150nm, even for the WFIRST aperture.
At that point we realized that this multi-matrix SM was so effective to obtain high contrast level in DH that
starting from the ray optic solution or from a flat surface DM was giving comparable results in contrast level.
However, the final DM shapes are very different: ray optic solution add important strokes, from hundreds of
nanometers to a few micrometers to the final DM surfaces. High strokes pose several problems in the ACAD
method. First, the DMs usually used for high contrast imaging (relatively small diameter, thousands of actuators)
cannot currently reach stroke larger than a few hundreds nanometers (a few microns at most). Secondly and more
importantly, high strokes have a strong impact on the out-of-axis PSF (this is the reason PIAA coronagraphs
often need anti-PIAA to improve throughput), which strongly degrades the throughput.
For these reasons, we chose in this proceeding to focus on the solution without the ray optic solution. However,
it is possible that this latest solution has advantages, in particular for large bandwidths. This will be studied in
an upcoming paper. However, even if it finally appear that the ray optic solution is not useful here, this method,
which return the mirror shape necessary to obtain any wanted apodization, is still extremely powerful and useful
for other applications.
3. EXPLORED PARAMETER SPACE
In this section, we explore the parameter space that have been explored in this study. We used 1 aperture
(Section 3.1), 3 DM set-ups (Section 3.4), 3 coronagraphs (Section 3.2) and 3 bandwidths (Section 3.3), which
total to 27 different SM corrections.
3.1 Apertures
The parametric analysis presented in Section 4 only uses the WFIRST pupil (Figure 3, top left). We are aware
that the coronagraphic instrument designs have already been selected for this telescope25. However, the challenges
presented by this pupil (large central obscuration and struts) are a good opportunity to put our method to the
test. The goal of this parametric analysis is not to obtain performance comparable to the ones presented in Krist
et al. 201525, but to understand the relative influence of the studied parameters. For this reason, the WFIRST
aperture is particularly adapted, allowing us to obtain a good range of contrast performance, from 10−7 to 10−12
depending on the coronagraph, bandwidth and DM setup selected. The radius of the central obstruction of the
WFIRST pupil is 36% of the radius.
3.2 Coronagraphy
We use 3 different coronagraph designs in this study. The first one in an APLC, designed using the method
described in N’Diaye et al. 201517. This coronagraph uses an optimized apodization associated to a classical Lyot
mask is design to obtain a 10−9 contrast level, on a DH of 5−40λ/D over a 10% bandwidth for an axisymmetric
pupil with a central obstruction of 36%. New techniques of apodization optimization14 have since been developed
and this coronagraph probably does not represent the best performance in contrast achievable with an APLC
and the ACAD technique. For a large central obstruction (36 %) the APLC focal mask radius is important (5
λ/D). The Lyot stop include a central obstruction which radius represents 50% of the entrance pupil radius.
The last 2 coronagraphs are two ring apodized vortex coronagraphs (Mawet et al. 2005,26 Mawet et al,
20135), of charge 2 and 4. These coronagraphs are achromatic, and obtain analytically a perfect contrast (in
absence of iterations) for an unaberrated apertures with a central obstruction of 36%. We simulate the vortex
coronagraph using the method described in Mazoyer et al. 201521. The design of their axisymmetric apodization
and of the radius of the Lyot stop central obstruction are analytically derived using equations in Mawet et al,
2013,5 and given in Table 1.
To compare the performance of the coronagraphs, we decided to use a fixed inner working angle (IWA) and
outer working angle (OWA) to create the DH. We choose to deepen 3− 10λ/D DH for the vortex coronagraph
and 5− 12λ/D for the APLC.
Table 1: Vortex coronagraphs parameters
Charge 2 Charge 4
Pupil CORa 0.36 R 0.36 R 0.17 R
Ring apodization
t=1 in 0.36 R<r <0.71 R
t=0.67 in 0.67 R<r <R
t=1 in 0.36 R<r <0.69 R
t= 0 in 0.69 R<r <0.78 R
t= 0.57 in 0.78 R<r <R
t=1 in 0.36 R<r <0.53 R
t= 0 in 0.53 R<r <0.55 R
t= 0.81 in 0.55 R<r <R
Lyot CORa 0.67 R 0.78 R 0.55R
a
Central obscuration radius (compared to the outer radius R of the pupil)
In the last column of Table 1, we indicate the parameters for the charge 4 coronagraphs for 0.17% central
obscuration, that we are using in the simulation for the SCDA pupil that we present in Section 5.
3.3 Spectral bandwidth
All the spectral bandwidths are given around a central wavelength of 550 nm. This central wavelength λ0
is also used to defined the focal plane distance unit λ0/D. We analyze three bandwidths in this study: 0%
(monochromatic case), 10% and 20%. The influence of spectral bandwidth on contrast level have been well
studied before.27,28 Therefore, we are more particularly interested in this study to analyze its influence on the
throughput and jitter in the context of the ACAD technique. For broadband SM algorithm, we use a multi-
wavelentgh matrix: 3 wavelengths for 10%, 5 wavelengths for 20% and 7 for 30%. However, once we obtain final
DM shapes with SM algorithm, we propagate 20 wavelengths to produce focal planes and contrast curves. This
allows us to check that our solutions are still correct with a more realistic spectral resolution.
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Figure 3: Results obtain with ACAD on the WFIRST pupil, for the APLC (4 images on the left) and charge 4
vortex coronagraph (4 images on the right), with a 10% bandwidth. The DMs have 34 actuators, a diameter of
34x0.3mm, and are separated by 30cm. For each coronagraph, we represent: the initial pupil (top left), the final
DH obtained at the end of the correction (top right), 5-12 λ/D for APLC and 3 -10 λ/D for the Vortex, and the
two shapes applied on the DMs to produce this DH.
3.4 Deformable mirrors
We did not specifically study the influence of the number of actuators on the performance in this study. The
influence of this parameter on the contrast level and outer working angle have already been studied in previous
paper.22,23 ACAD correction with a higher number of actuators can introduce higher spatial frequencies on the
DMs, which will have then an impact on the throughput and robustness to jitter. That impact, that we think is
going to be limited, will be studied later on this study.
Since our goal in this section is to compare different configurations and not to obtain performance comparable
to the ones presented in Krist et al. 201525, we only used 34 actuators, inferior to the number of actuators planned
for the WFIRST mission (48 actuator DMs). This number corresponds to the number of actuators of the Boston
Micromachines (BMC) DMs used on the HiCAT bench29 and is small enough to be simulated quickly on a
desktop computer. Because the number of actuators is fixed, we did not analyzed the influence of the OWA on
the contrast. IWA and OWA have been selected to be comparable to the one used in Krist et al. 201525 (3 -
10 λ/D for the vortex, 5 - 12 λ/D for the APLC). The use of larger DMs would increase the performance in
contrast on these DHs, or obtain comparable performance on larger DHs.
Finally, we analyzed 3 different DM setups, that we assume are representative of several experiments currently
developed to analyze the segmentation problem. We study the two cases of ”BMC” like DMs (inter-actuator
distance of 0.3 mm) and of ”Xinetics” like DMs (inter-actuator distance of 1 mm). This inter-actuator distance
and the given number of actuators (34) constrain the size of the DMs to D = 1 cm for the BMC like DMs and
D = 3.4 cm for the Xinetics like DMs. We then studied 2 inter-DM distances for the BMC like DMs (Z = 1 m
and Z = 0.3 m) and one inter DM distance for the Xinetics like DM (Z = 1 m). The first setup (BMC DMs,
D = 1 cm, and Z = 0.3 m) is the setup of the High-contrast imager for Complex Aperture Telescopes (HiCAT)
bench,29 on which the ACAD technique will be experimentally tested, and we will refer to it as HiCAT case.
The second setup (Xinetics like DMs, D = 3.5 cm, and Z = 1 m) is the chosen setup for the WFIRST mission
and we will refer to it as WFIRST case. We also test an ”intermediate case” (BMC like DMs, D = 1 cm, and Z
= 1 m). The parameters of these 3 different setups are reported in Table 2.
Table 2: Deformable Mirror setups in the parametric analysis
HiCAT case WFIRST case Intermediate case
# of actuators 34 34 34
DM Inter-act. distance 0.3 mm (BMC like) 1 mm (Xinetics like) 0.3 mm (BMC like)
Size of the DM (D) 1 cm 3.5 cm 1 cm
Inter-DM distance (Z) 0.3 m 1 m 1 m
The pupil is slightly undersized compare to the DM. This is due to the fact that during the propagation
between the two DMs, the beam slightly expands. This reduces the actual number of actuators in the pupil,
leaving a part of the first DM outside of the pupil. However, this is often necessary as the imaged pupil on
the second DM plane is larger than the actual pupil. If we take a pupil of the same size than the DMs, the
propagated electrical field in the second DM plane might end up larger than the DM itself which would degrade
the performance in contrast. This is particularly important if we use the geometrical approach of the ACAD
method, where the actuator strokes are important, which can create important discontinuities at the edge of the
second DM. In this study, we used a 10% undersizing, which reduce the number of actuators in the diameter of
the pupil to 31 (out of the 34 in the DM), which put a maximum limit to OWA to 15.5 λ/D. For the moment, we
assumed that the surface around the second DM is perfectly reflective, but not deformable. We will also study
the possibility of a non reflective material outside second DM, which will have a strong impact on throughput.
In that case, we might have to increase the undersizing.
4. PARAMETRIC ANALYSIS ON THE WFIRST PUPIL
In this section, we analyse the performance of the 27 cases and present the results of the parametric analysis
on the WFIRST aperture, in term of contrast level (Section 4.1), and throughput and robustness to jitter
(Section 4.2).
4.1 Contrast levels
Figure 3 presents some of the DHs obtained with the WFIRST pupil and the associated DM surfaces to provide
them. The presented results were obtained with ACAD on the WFIRST pupil, for the APLC (4 images on
the left) and charge 4 vortex coronagraph (4 images on the right), with a 10% bandwidth. The DMs have 34
actuators, a DM size of 34x0.3mm, and are separated by 30cm (”HiCAT case”). For each coronagraph, we
represent: the initial pupil (top left), the final DH obtained at the end of the correction (top right), 5-12 λ/D for
APLC and 3 -10 λ/D for the Vortex, and the two shapes applied on the DMs to produce this DH (images at the
bottom). We plotted the contrast curves for these results in Figure 4 (left). As expected,5 the charge 4 vortex
has a better contrast than the charge 2 vortex coronagraph. The contrast performance with APLC coronagraph
is not as good but with only 31 actuators in the pupil, the outer working angle in this case (12 λ/D) is close to
the actual DM limit (15.5 λ/D). In addition, this coronagraph was optimized for a contrast of 10−9 only, which
means that we actually reached the performance obtained with this coronagraph on a continuous aperture, which
is the goal of the ACAD technique. We are confident that with a slightly different APLC and a higher number
of actuators, performance in contrast level could reach 10−10. On the other hand, it is unlikely that we manage
to reduce the IWA under 5 λ/D for this type of coronagraph for an aperture with a 36% central obstruction.
Figure 4 (right) shows the influence of the DM setup on the contrast for the charge 4 vortex. The mean
contrast in the DH is given for 3 bandwidths (0%, 10%, 20%) and three DM setups: the ”HiCAT case” (small
DMs, small inter-DM distance, black line), the ”WFIRST case” (large DMs, long inter-DM distance, red line),
Figure 4: Results in contrast obtained with ACAD on the WFIRST pupil. Left: Contrast curves for the
3 coronagraphs, with a 10% bandwidth, 34 actuators, a DM size of 34x0.3mm, separated by 30cm. The dark hole
is 5-12 λ/D for the APLC and 3 -10 λ/D for the Vortex coronagraphs. Right: Mean contrast in the DH for the
charge 4 vortex, for 3 bandwidths (0%, 10%, 20%) and three DM setups: the ”HiCAT case” (small DMs, small
inter-DM distance, black line), the ”WFIRST case” (large DMs, long inter-DM distance, red line), and finally the
”intermediate case” (small DMs, long inter-DM distance, blue line).
and finally the ”intermediate case” (small DMs, long inter-DM distance, blue line). We clearly see that in term
of contrast level, small DMs are to be favored. The inter-DM distance has no influence, except maybe at large
bandwidths. Once again, this contrast levels are to be analysed in the context of this parametric study and
should not be compared to the one of the WFIRST mission, as we only used 34 actuators in the pupil, and not
48 actuators.
4.2 Throughput and robustness to Jitter
The throughput is measured as the ”PSF core throughput” in Krist et al. 201625 (energy higher than half of the
maximum in the final focal plane divided by the energy hitting the primary mirror). This measurement therefore
includes the loss of energy in the PSF due to the coronagraph and also due to the deformation of the PSF
because of the propagation between the 2 DMs. We normally expect that the deformation is more important
(and therefore the throughput lower) when the strokes are important.
Throughput results are shown on Figure 5 in the 10% bandwidth case for the WFIRST pupil. We show the
throughput as a function of separation (in λ0/D) for 3 different coronagraphs and 3 DM setups. In solid line, we
represent the throughput in the case of flat DMs (before the correction), which corresponds to the throughput
of the coronagraph itself. In dashed and dotted lines, we represent the throughput for the different DM setups,
for APLC (red), Vortex charge 2 (purple), Vortex charge 4 (blue). The most important parameter is the type of
coronagraph. The ring-apodized vortex (especially the charge 4) is not at all optimized for a pupil this size. As
shown in Table1, in the case of the ring apodized charge 4 coronagraph, the central apodization of the Lyot stop
is of 78%, blocking most of the energy. Other methods of apodization for the charge 4 vortex (e.g. apodized
phase mask + vortex12) are currently investigated to enhance the throughput. In the same figure, we can also
compare the influence set up of the throughput of the system. For charge 4 vortex, throughput is mostly the
same in every case, which we interpret by the fact that the off-axis PSF is already completely deformed by the
coronagraph itself. For the APLC, the ”HiCAT case” (small DMs, small inter-DM distance, dashed line) has
the most throughput, followed by the ”WFIRST case” (large DMs, long inter-DM distance, dot-dashed line),
and finally by the ”intermediate case” (small DMs, long inter-DM distance, dotted line). Unsurprisingly, this
ranking is also the one followed by the strokes (table on the left, first column). For the charge 2 vortex the
”HiCAT case” (small DMs, small inter-DM distance, dashed line) has the most throughput, but the two other
cases (”WFIRST case” and ”intermediate case”) are mostly identical. More analysis (5 or 6 cases for both DM
size and inter-DM distance) are necessary to fully understand the influence of the DM set-up on the throughput.
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Figure 5: Throughput & Strokes: WFIRST pupil, 10% bandwidth Left: Throughput as a function of
separation (in λ0/D) for 3 different coronagraphs and 3 DM setups. In solid line, we represent the throughput
in the case of flat DMs (before the correction), which corresponds to the throughput of the coronagraph itself. In
dashed, dotted and dash-dotted lines, we represent the throughput for the different DM setups, for APLC (blue),
Vortex charge 2 (purple), Vortex charge 4 (red). Right: Strokes (in nm) for each DM, for the 3 coronagraphs and
the 3 DM setups.
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Figure 6: Results obtain with ACAD on the SCDA pupil, for the ring apodized Charge 4 vortex. The
DM have 48 actuators, and is ”Xinetics” like : the inter-actuator distance is 1 mm and the DM is therefore 4.8
cm. The inter-DM distance is 1 m. On the left, we present the initial pupil (top left), the final 1.5-18 λ0/D DH
obtained at the end of the correction (top middle) and the two shapes applied on the DMs to produce this DH
(bottom left and middle). On the right we present the azimuthal profile of the contrast level in the DH as a function
of the distance to the star in λ0/D
A quick analysis of the robustness to jitter shows that the type of coronagraph is the most important parameter
for this (with little of no influence of the DM setup or the bandwidth). As expected, the APLC is the most
jitter-resistant coronagraph (basically no change in contrast in the DH before 3.10−2λ/D), followed by charge 4
vortex and finally charge 2 vortex (degradation in contrast in the DH as soon as 1.10−3λ/D).
5. PERFORMANCE ON ONE OF THE SCDA PUPIL
In this Section, we wanted to present the first results obtain on a realist aperture for a large space based mission
(See Figure 6, top left). This aperture is part of the apertures of the Segmented Coronagraph Design and Analysis
(SCDA∗) task, launch by Exoplanet Exploration Program (ExEP) Office to determine scientific performance of
candidate coronagraph instruments for large space telescopes with segmented, obstructed apertures. Compare
to WFIRST apertures, the selected aperture is segmented but the have a central obstruction of 17% only and
finer struts, which make it far easier.
Table 3: Stroke after SM for SCDA pupil and several bandwidth
0% bandwidth 10% bandwidth 20% bandwidth 30% bandwidth
Vortex (charge 4)
D = 48x1mm, Z = 0.3m
DM1: 102 nm
DM2: 110 nm
DM1: 125 nm
DM2: 142 nm
DM1: 125 nm
DM2: 143 nm
DM1: 113 nm
DM2: 133 nm
This section is not really a parametric study, we only analyze a few situations to determine the performance
of our technique with an aperture easier than WFIRST’s one. We take the least favorable DM setup, of the 3
studied before: two ”Xinetics” like DMs (1 mm inter-actuator distance) separated by 1 m. We use 48 actuators.
This is therefore the exact setup of the WFIRST mission. We set the IWA to 1.5 λ0/D and the OWA to 18
λ0/D and run the method for several bandwidths (0%, 10%, 20%, 30%).
The results are presented in Figure 6 and 7. In Figure 6, we present the results in contrast level. We show
the initial SCDA pupil (top left), the final 1.5-18 λ0/D DH obtained at the end of the correction (top, middle)
and the two shapes applied on the DMs to produce this DH (bottom left and middle). On the right we present
the azimuthal profil of the contrast level in the DH as a function of the distance to the star in λ0/D. In term
of contrast level, we obtain a mean of less than 2.10−10 over the 1.5-18 λ0/D DH and a 10% bandwidth and a
mean of less than 5.10−10 over the same DH a 20% bandwidth. The advantage of the ACAD technique is its
adaptability: if needed, we can improve contrast at the expense of OWA or spectral bandwidth.
The Throughput is presented on Figure 7 (left) for every bandwidth (0% to 30%). We obtain a throughput
better than 10% on the whole DH. As already notice in the previous section, the bandwidth of the correction
have little influence on the throughput. Finally, the Robustness to Jitter is presented in Figure 7 (right). The
influence of jitter on the contrast is limited for jitter lower than 1.10−2λ0/D. For larger jitters, the contrast
start to degrade in the DH. We checked that the jitter robustness was not impacted for different bandwidths.
As expected, the throughput degrades as the strokes (presented in Table 3) increase.
Figure 7: Results obtained with ACAD on the SCDA pupil, for the Charge 4 vortex. The DM have 48
actuators, and is ”Xinetics” like : the inter actuator distance is 1mm and the DM is therefore 4.8 cm. The inter-
DM distance is 1 m. Left: throughput over the DH, for each bandwidths (0%, 10%, 20%, 30%). Right: Influence
of different levels of jitter on contrast performance on the DH for the 10% bandwidth.
∗See http://exep.jpl.nasa.gov/files/exep/SCDAApertureDocument0504161.pdf
6. CONCLUSION
The main result of this paper is that we finally obtained ACAD performance that can be used to design space-
based instruments (10−10 with a 10% spectral bandwidth for the WFIRST aperture or one SCDA pupil). We
can now start to implement ACAD method for SCDA task force apertures and compare its results to the other
techniques currently under review.
The parametric study show several important results. First, as expected, the increase of spectral bandwidth
has little impact on the throughput and robustness to jitter. Secondly and more importantly, it seems that in our
current method, we cannot reduce the influence of set-up of the DMs to the value D2/Z like we did in previous
papers. Indeed, the two parameters seems to have independent impact on different metrics. On the one hand,
the inter-DM distance seems to have a strong impact on the throughput but not on the contrast. On the other
hand, the size of the DMs seems to have a important impact on both the contrast level and throughput. We need
to expand the analyze for several more cases for D and Z to fully decorelate the effects of these two parameters
on the metrics. Eventually if we can confirm that the size of the DMs is such an important parameter, this could
means that there is an optimal number of actuator above which the DM size would so large it would have a
negative impact on contrast.
It is also primordial to understand the importance of ray optic solution (given by the numerical resolution
of the Monge-Ampe`re equation) in the context of high contrast correction. This paper proves that there are
several local minima in contrast achievable ”linearly” by the SM algorithm, starting from given initial shapes.
We discovered that the local minimum around the ray optic solution, although close or identical in contrast level,
requires higher strokes, which in turn degrades throughput. A first explanation is that, as repeatably noticed by
many people in this field,30 flattening the wavefront at the entrance of the coronagraph or digging high contrast
zones in the focal plane are two very different things. However, there might be other advantages if we use
the ray optic solution first step, for large bandwidths correction. Finally, the next application will be to put
this technique to the experimental test. The High-contrast imager for Complex Aperture Telescopes (HiCAT)
bench29 is currently under development and should soon obtained its first DH with multiple DMs. Then ACAD
experimental validation should follow quickly. Simulation results in this paper and in Mazoyer et al. 201631
show that the ACAD shapes are achievable with the HiCAT bench’s DMs. The new result on this paper that
the ray optic solution step may not be necessary will make the experimental test a lot easier, because we do not
need open loop control of the DMs anymore.
ACKNOWLEDGMENTS
This material is based upon work carried out under subcontract #1496556 with the Jet Propulsion Laboratory
funded by NASA and administered by the California Institute of Technology. We would like to thanks J. Krist
(JPL) for his helpful comments on the throughput and contrast definition.
REFERENCES
[1] Beuzit, J.-L., Feldt, M., Dohlen, K., Mouillet, D., Puget, P., Wildi, F., Abe, L., Antichi, J., Baruffolo, A.,
Baudoz, P., Boccaletti, A., Carbillet, M., Charton, J., Claudi, R., Downing, M., Fabron, C., Feautrier, P.,
Fedrigo, E., Fusco, T., Gach, J.-L., Gratton, R., Henning, T., Hubin, N., Joos, F., Kasper, M., Langlois,
M., Lenzen, R., Moutou, C., Pavlov, A., Petit, C., Pragt, J., Rabou, P., Rigal, F., Roelfsema, R., Rousset,
G., Saisse, M., Schmid, H.-M., Stadler, E., Thalmann, C., Turatto, M., Udry, S., Vakili, F., and Waters, R.,
“SPHERE: a planet finder instrument for the VLT,” in [Society of Photo-Optical Instrumentation Engineers
(SPIE) Conference Series ], Society of Photo-Optical Instrumentation Engineers (SPIE) Conference Series
7014 (Aug. 2008).
[2] Macintosh, B. A., Graham, J. R., Palmer, D. W., Doyon, R., Dunn, J., Gavel, D. T., Larkin, J., Oppen-
heimer, B., Saddlemyer, L., Sivaramakrishnan, A., Wallace, J. K., Bauman, B., Erickson, D. A., Marois, C.,
Poyneer, L. A., and Soummer, R., “The Gemini Planet Imager: from science to design to construction,” in
[Society of Photo-Optical Instrumentation Engineers (SPIE) Conference Series ], Society of Photo-Optical
Instrumentation Engineers (SPIE) Conference Series 7015 (July 2008).
[3] Hinkley, S., Oppenheimer, B. R., Zimmerman, N., Brenner, D., Parry, I. R., Crepp, J. R., Vasisht, G.,
Ligon, E., King, D., Soummer, R., Sivaramakrishnan, A., Beichman, C., Shao, M., Roberts, L. C., Bouchez,
A., Dekany, R., Pueyo, L., Roberts, J. E., Lockhart, T., Zhai, C., Shelton, C., and Burruss, R., “A New
High Contrast Imaging Program at Palomar Observatory,” Publications of the Astronomical Society of the
Pacific, 123, 74–86 (Jan. 2011).
[4] Soummer, R., Sivaramakrishnan, A., Pueyo, L., Macintosh, B., and Oppenheimer, B. R., “Apodized Pupil
Lyot Coronagraphs for Arbitrary Apertures. III. Quasi-achromatic Solutions,” Astrophysical Journal 729,
144 (Mar. 2011).
[5] Mawet, D., Pueyo, L., Carlotti, A., Mennesson, B., Serabyn, E., and Wallace, J. K., “Ring-apodized Vortex
Coronagraphs for Obscured Telescopes. I. Transmissive Ring Apodizers,” Astrophysical Journal Supple-
ment 209, 7 (Nov. 2013).
[6] Spergel, D., Gehrels, N., Baltay, C., Bennett, D., Breckinridge, J., Donahue, M., Dressler, A., Gaudi, B. S.,
Greene, T., Guyon, O., Hirata, C., Kalirai, J., Kasdin, N. J., Macintosh, B., Moos, W., Perlmutter, S.,
Postman, M., Rauscher, B., Rhodes, J., Wang, Y., Weinberg, D., Benford, D., Hudson, M., Jeong, W.-S.,
Mellier, Y., Traub, W., Yamada, T., Capak, P., Colbert, J., Masters, D., Penny, M., Savransky, D., Stern,
D., Zimmerman, N., Barry, R., Bartusek, L., Carpenter, K., Cheng, E., Content, D., Dekens, F., Demers, R.,
Grady, K., Jackson, C., Kuan, G., Kruk, J., Melton, M., Nemati, B., Parvin, B., Poberezhskiy, I., Peddie, C.,
Ruffa, J., Wallace, J. K., Whipple, A., Wollack, E., and Zhao, F., “Wide-Field InfrarRed Survey Telescope-
Astrophysics Focused Telescope Assets WFIRST-AFTA 2015 Report,” ArXiv e-prints 1503.03757 (Mar.
2015).
[7] Feinberg, L. D., Jones, A., Mosier, G., Rioux, N., Redding, D., and Kienlen, M., “A cost-effective and
serviceable ATLAST 9.2m telescope architecture,” in [Society of Photo-Optical Instrumentation Engineers
(SPIE) Conference Series ], 9143, 16 (Aug. 2014).
[8] Dalcanton, J., Seager, S., Aigrain, S., Battel, S., Brandt, N., Conroy, C., Feinberg, L., Gezari, S., Guyon,
O., Harris, W., Hirata, C., Mather, J., Postman, M., Redding, D., Schiminovich, D., Stahl, H. P., and
Tumlinson, J., “From Cosmic Birth to Living Earths: The Future of UVOIR Space Astronomy,” ArXiv
e-prints 1507.04779 (July 2015).
[9] Kasper, M., Beuzit, J.-L., Verinaud, C., Gratton, R. G., Kerber, F., Yaitskova, N., Boccaletti, A., Thatte,
N., Schmid, H. M., Keller, C., Baudoz, P., Abe, L., Aller-Carpentier, E., Antichi, J., Bonavita, M., Dohlen,
K., Fedrigo, E., Hanenburg, H., Hubin, N., Jager, R., Korkiakoski, V., Martinez, P., Mesa, D., Preis, O.,
Rabou, P., Roelfsema, R., Salter, G., Tecza, M., and Venema, L., “EPICS: direct imaging of exoplanets with
the E-ELT,” in [Society of Photo-Optical Instrumentation Engineers (SPIE) Conference Series ], Society of
Photo-Optical Instrumentation Engineers (SPIE) Conference Series 7735 (July 2010).
[10] Macintosh, B., Troy, M., Doyon, R., Graham, J., Baker, K., Bauman, B., Marois, C., Palmer, D., Phillion,
D., Poyneer, L., Crossfield, I., Dumont, P., Levine, B. M., Shao, M., Serabyn, G., Shelton, C., Vasisht, G.,
Wallace, J. K., Lavigne, J.-F., Valee, P., Rowlands, N., Tam, K., and Hackett, D., “Extreme adaptive optics
for the Thirty Meter Telescope,” in [Society of Photo-Optical Instrumentation Engineers (SPIE) Conference
Series ], Society of Photo-Optical Instrumentation Engineers (SPIE) Conference Series 6272, 0 (June 2006).
[11] Guyon, O., Hinz, P. M., Cady, E., Belikov, R., and Martinache, F., “High Performance Lyot and PIAA
Coronagraphy for Arbitrarily Shaped Telescope Apertures,” Astrophysical Journal 780, 171 (Jan. 2014).
[12] Carlotti, A., Pueyo, L., and Mawet, D., “Apodized phase mask coronagraphs for arbitrary apertures. II.
Comprehensive review of solutions for the vortex coronagraph,” Astronomy and Astrophysics 566, A31
(June 2014).
[13] Soummer, R., “Apodized Pupil Lyot Coronagraphs for Arbitrary Telescope Apertures,” Astrophysical Jour-
nal Letters 618, L161–L164 (Jan. 2005).
[14] N’Diaye, M., Soummer, R., Pueyo, L., Carlotti, A., Stark, C. C., and Perrin, M. D., “Apodized Pupil Lyot
Coronagraphs for Arbitrary Apertures. V. Hybrid Shaped Pupil Designs for Imaging Earth-like planets with
Future Space Observatories,” Astrophysical Journal 818, 163 (Feb. 2016).
[15] Kuchner, M. J. and Traub, W. A., “A Coronagraph with a Band-limited Mask for Finding Terrestrial
Planets,” Astrophysical Journal 570, 900–908 (May 2002).
[16] Guyon, O., Pluzhnik, E. A., Galicher, R., Martinache, F., Ridgway, S. T., and Woodruff, R. A., “Ex-
oplanet Imaging with a Phase-induced Amplitude Apodization Coronagraph. I. Principle,” Astrophysical
Journal 622, 744–758 (Mar. 2005).
[17] N’Diaye, M., Pueyo, L., and Soummer, R., “Apodized Pupil Lyot Coronagraphs for Arbitrary Apertures.
IV. Reduced Inner Working Angle and Increased Robustness to Low-order Aberrations,” Astrophysical
Journal 799, 225 (Feb. 2015).
[18] Pueyo, L. and Norman, C., “High-contrast Imaging with an Arbitrary Aperture: Active Compensation of
Aperture Discontinuities,” Astrophysical Journal 769, 102 (June 2013).
[19] Stark, C. C., Roberge, A., Mandell, A., Clampin, M., Domagal-Goldman, S. D., McElwain, M. W., and
Stapelfeldt, K. R., “Lower Limits on Aperture Size for an ExoEarth Detecting Coronagraphic Mission,”
Astrophysical Journal 808, 149 (Aug. 2015).
[20] Pueyo, L., Norman, C., Soummer, R., Perrin, M., N’Diaye, M., Choquet, E´., Hoffmann, J., Carlotti, A., and
Mawet, D., “High contrast imaging with an arbitrary aperture: active correction of aperture discontinuities:
fundamental limits and practical trade- offs,” in [Space Telescopes and Instrumentation 2014: Optical,
Infrared, and Millimeter Wave ], Society of Photo-Optical Instrumentation Engineers (SPIE) Conference
Series 9143, 914321 (Aug. 2014).
[21] Mazoyer, J., Pueyo, L., Norman, C., N’Diaye, M., Mawet, D., Soummer, R., Perrin, M., Choquet, E´., and
Carlotti, A., “Active correction of aperture discontinuities (ACAD) for space telescope pupils: a parametic
analysis,” in [Techniques and Instrumentation for Detection of Exoplanets VII ], Society of Photo-Optical
Instrumentation Engineers (SPIE) Conference Series 9605, 96050M (Sept. 2015).
[22] Borde´, P. J. and Traub, W. A., “High-Contrast Imaging from Space: Speckle Nulling in a Low-Aberration
Regime,” Astrophysical Journal 638, 488–498 (Feb. 2006).
[23] Mazoyer, J., Baudoz, P., Galicher, R., Mas, M., and Rousset, G., “Estimation and correction of wavefront
aberrations using the self-coherent camera: laboratory results,” Astronomy and Astrophysics 557, A9 (Sept.
2013).
[24] Pueyo, L., Kay, J., Kasdin, N. J., Groff, T., McElwain, M., Give’on, A., and Belikov, R., “Optimal dark hole
generation via two deformable mirrors with stroke minimization,” Appl. Opt. 48, 6296–6312 (Nov 2009).
[25] Krist, J., Nemati, B., and Mennesson, B., “Numerical modeling of the proposed WFIRST-AFTA corona-
graphs and their predicted performances,” Journal of Astronomical Telescopes, Instruments, and Systems 2,
011003 (Jan. 2016).
[26] Mawet, D., Riaud, P., Absil, O., and Surdej, J., “Annular Groove Phase Mask Coronagraph,” Astrophysical
Journal 633, 1191–1200 (Nov. 2005).
[27] Shaklan, S. B. and Green, J. J., “Reflectivity and optical surface height requirements in a broadband
coronagraph. 1.Contrast floor due to controllable spatial frequencies,” Applied Optics 45, 5143–5153 (July
2006).
[28] Pueyo, L. and Kasdin, N. J., “Polychromatic Compensation of Propagated Aberrations for High-Contrast
Imaging,” Astrophysical Journal 666, 609–625 (Sept. 2007).
[29] N’Diaye, M., Mazoyer, J., Choquet, E´., Pueyo, L., Perrin, M. D., Egron, S., Leboulleux, L., Levecq,
O., Carlotti, A., Long, C. A., Lajoie, R., and Soummer, R., “High-contrast imager for complex aperture
telescopes (HiCAT): 3. first lab results with wavefront control,” in [Techniques and Instrumentation for
Detection of Exoplanets VII ], Society of Photo-Optical Instrumentation Engineers (SPIE) Conference Series
9605, 96050I (Sept. 2015).
[30] Mazoyer, J., Baudoz, P., Galicher, R., and Rousset, G., “High-contrast imaging in polychromatic light with
the self-coherent camera,” Astronomy and Astrophysics 564, L1 (Apr. 2014).
[31] Mazoyer, J., Pueyo, L., Norman, C., N’Diaye, M., van der Marel, R. P., and Soummer, R., “Active compen-
sation of aperture discontinuities for WFIRST-AFTA: analytical and numerical comparison of propagation
methods and preliminary results with a WFIRST-AFTA-like pupil,” Journal of Astronomical Telescopes,
Instruments, and Systems 2, 011008 (Mar. 2016).
